Phase stability of iron-oxides as a function of alloy composition in PdFeO system has been examined by emf measurement with solid electrolyte of CaO-stabilized zirconia at the temperature ranging from 973 to 1123 K. Phase boundary between the alloy and iron-oxide was determined with six alloys in which Fe-composition is ranging from 1 to 64 at%. The boundary composition of wüstite lies in between 34 at% Fe and 54 at% Fe and hematite was expected to be formed at the alloy composition less than 1 at% Fe. Thickness of iron oxide was estimated from the amount of consumed Fe in the alloy, which is given by the difference of initial and final composition at the temperature and oxygen partial pressure. Estimated thickness of iron oxide was in good agreement of that obtained from high temperature oxidation of PdFe alloy. Emf measurement gives useful information to obtain single-phase iron-oxide with the expected thickness on PdFe alloy by high temperature oxidation.
Introduction
Increasing thermal efficiency of fossil fuel power plants is one of the crucial factors of reducing green house gas emission. The most effective way is to increase steam condition. The highest steam temperature in Japan is 620°C (893 K) and power plants are targeted to operate at 700°C (973 K) or higher temperature. 1, 2) These target temperatures may serve more severe oxidation condition for boiler tubes and turbine components.
Superheaters and reheaters are one of the important components as heat exchanger in the thermal power plants. Ferritic or austenitic heat resistant steels are used for the piping materials. Inside of the boiler tube is exposed to high pressure steam (steam side) and the outer side is exposed to dry atmosphere (fire side). Many researchers showed that oxidation behavior of the heat resistant steels in steam condition was different from that in air condition. 35) Formation of protective chromium oxide (Cr 2 O 3 ) was retarded in steam condition by the growth of duplex scale, which mainly consists of iron-oxides as the outer scale and FeCr spinel as the inner scale. Formation of the nonprotected oxides scale becomes a big concern in power plant industry, because it can cause several problems such as wall loss, lower thermal conductivity of the tube and the spallation of the oxide scale. Especially, exfoliation of the scale sometimes makes troubles such as blockage of the tube and erosion of turbine components.
Many researchers 69) try to clarify the mechanism of steam oxidation. Ani et al. 7) investigated that the effect of water vapor on the transition from internal to external oxidation of FeCr ferritic alloys at 1073 K and the critical Cr content in the alloy increased in the presence of water vapor. They also clarified that dissolved hydrogen enhanced oxygen permeability, resulting in the increase of critical Cr contents. Moreover, there are several evidences that dissolved hydrogen or hydrogen permeation affects the oxidation behavior of heat resisting steels. Nakagawa et al. 8, 9) examined the oxidation test of ferritic steel in both the single air and in the steam/air dual atmospheres. Their results showed that the thickness of the oxide scale in the dual atmosphere was much thicker than that in the single air. The thicker oxide scale was not only in the steam side, but also in the air side. This indicates that hydrogen permeates through the tube from the steam side to the air side and dissolved hydrogen affects the oxidation behavior at air side. Measurement of hydrogen permeability through oxide scales, especially iron-oxide and FeCr spinel are required to clarify the phenomenon. However, there are few papers which are dealing with hydrogen permeability of oxide scales under steady-state condition. Tanaka et al. 10) measured hydrogen permeability through chromia (Cr 2 O 3 ) scale at 1273 K under constant oxygen activities. They oxidized the foil of FeCr commercial steel to obtain constant thickness of the Cr 2 O 3 scale. Present study focuses on iron oxide and the same method will be adopted to measure the hydrogen permeability under the steady-state condition. In this study, uniform layer of ironoxide on the substrate is made by the oxidation of palladium iron (PdFe) alloy. Pd is chosen as the matrix of the alloy due to high hydrogen permeation so that hydrogen permeation in the alloy matrix can be neglected compared with the oxide scale. There are three phases of iron oxides, wüstite (Fe 1¹x O), magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ). Fe oxide is equilibrated with PdFe alloy under the constant P O 2 and temperature and constant thickness of single-phase Fe oxide is formed in the equilibrium condition. Accurate phase boundary between Fe oxide and PdFe alloy is required to determine the alloy composition and the oxidation condition to obtain desired Fe oxide on the alloy.
The thermodynamic properties in the PdFe system have been measured earlier by several authors with different methods.
1114) The most suitable condition with the purpose of this study is the work which is done by Alcock and Kubik.
11) They conducted electromotive force (emf ) measurement of PdFe alloy by an oxygen concentration cell with ThO 2 YO 1.5 and ZrO 2 CaO (CSZ) solid electrolyte. Their emf measurement was carried out with the sample, which Fe composition was ranging from of 0.2 to 0.92 at the temperature range from 973 to 1273 K and covered mainly the stability regions of wüstite and magnetite. However, their measurements are still limited only in the higher Fecompositions and there are little information about phase boundary at our desired P O 2 and temperature, which are almost same condition as boiler environments.
In this study, thermodynamic stability of iron oxides in Pd FeO system was focused on less Fe-concentration and at the range temperature required for hydrogen permeability measurement from 973 to 1073 K. The equilibrium oxygen partial pressure of PdFe alloy/iron-oxide was measured with oxygen concentration cell made by solid electrolyte of CSZ. Based on the obtained results, the phase stability of iron-oxides is determined, and the thickness of iron-oxide is estimated as a function of equilibrium oxygen partial pressure and alloy compositions. High temperature oxidations are also conducted to clarify the formation of single-phase of iron oxide with the expected thickness.
Experimental

Sample preparation
Six compositions of PdFe alloys were prepared by arc melting. The ingots were annealed at 1473 K for 172.8 ks in vacuum. Table 1 shows the chemical composition of the alloys analyzed by an electron probe microanalyzer (EPMA). These alloys were cold-rolled to the foils, which thickness is about 150200 µm. The foil was cut into small pieces with the size of 1 © 1 mm 2 . Ultrasonic cleaning was conducted prior to the experiment.
Emf measurement of the oxygen concentration cell
Electromotive force measurement was conducted by an oxygen concentration cell with CSZ solid electrolyte. Figure 1 shows a schematic illustration of the cell. Pt electrode was fabricated on a CSZ tube by the following procedure. Platinum paste was coated on the area to which the electrodes are formed both inside and outside of the CSZ tube. The tube was annealed at 1173 K for 1.8 ks. Pt-mesh which was soldered to Pt-wire was placed on the area where platinum paste was coated and re-annealed at 1173 K for 1.8 ks. R-type thermocouple was placed close to the electrodes so that all electrodes and thermocouple located in the isothermal zone of the furnace.
The flakes of the alloy were inserted into the cell and the cell was evacuated for 3.6 ks before the valve was closed. The P O 2 inside the cell after vacuum process was about 10 ¹2 Pa when the cell heated up to 973 K without the sample. The cell was assembled in the isothermal zone (15 mm, «1.5 K) of the furnace. The furnace was heated up to measuring temperature. The alloy was oxidized at measuring temperature by the remaining oxygen in the evacuated cell. Oxidation continues until oxygen partial pressure of the cell reaches the equilibrium condition with PdFe alloy/Fe oxide. The change of Fe concentration in the alloy is negligible small, because the alloy is oxidized with the limited amount of oxygen in the evacuated cell. Therefore, we can obtain the equilibrium P O 2 of each PdFe alloy. Oxygen concentration cell in this study is described as follows.
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The relation between emf (E) and oxygen partial pressure (P O 2 ) is formulated by Nerst's equation as follows.
where R is the gas constant, T is temperature and F is Faraday constant. Emf measurement was conducted at the temperature between 973 and 1123 K by heating and cooling process.
High temperature oxidation of PdFe alloys
The foils of Pd54Fe and Pd64Fe alloys were used for the oxidation tests. Table 2 shows the condition of oxidation to obtain single-phase of iron oxide on PdFe alloys. Fe concentration in the alloy is changed to be the equilibrium value under the constant P O 2 during the oxidation tests and the equilibrium Fe concentration in the alloy will be obtained as a function of P O 2 . The foil of Pd64Fe alloy was oxidized at 1073 K or 1273 K for up to 518.4 ks in the stable region of wüstite. The oxygen partial pressures of atmosphere were 4.0 © 10 ¹14 Pa at 1073 K and 6.3 © 10 ¹10 Pa at 1273 K, respectively. These values were determined based on the emf with a certain H 2 /H 2 O ratio. ArH 2 gas was humidified by passing the gas though distilled water which was kept at constant temperature. ZrO 2 oxygen pump was also installed in the apparatus to adjust the P O 2 .
After oxidation, oxide scale formed on the alloys was identified by X-ray diffraction (XRD). For observation of cross-sections, the samples were mounted in resin, ground by SiC abrasive paper up to #2000 grits, and polished by 2 µm diamond paste. The cross-section of the sample was observed by an optical microscope, SEM and EPMA or FE-SEM with EDS. Figure 2 shows the temperature and emf's of the cells with (a) Pd64Fe, (b) Pd54Fe, (c) Pd34Fe, (d) Pd10Fe, (e) Pd 5Fe and (f ) Pd1Fe alloys. Emf changes follow the change of the temperature. In all the measurements, temperature was kept within «1 K. Equilibrium condition is defined as the value when emf was kept within «1 mV for 10.2 ks. Figure 3 shows the equilibrium emf at each temperature for all The equilibrium emf's for the alloys examined are expressed by linear functions with the experimental error. The equilibrium oxygen partial pressure is calculated by using eq. (4). Figure 4 shows the logarithmic oxygen partial pressure as a function of temperature. To describe the relation of oxygen partial pressure and temperature, least-square analysis was performed in between 973 to 1123 K for each alloy composition. The relations between logarithmic oxygen partial pressure as a function of temperature are described as follow. The phase boundary between wüstite and magnentite lies in between the alloy composition of Pd34Fe and Pd54Fe. This boundary composition is in good agreement with the result of Alcock and Kubik, 11) where its boundary line lies in between Pd30Fe and Pd45Fe. These results also clarified that hematite is expected to be formed on the alloy which composition of Fe is less than 1 at%. Figure 5 shows the XRD pattern of the oxidized sample after the oxidation of Pd64Fe alloy at 1073 K for 259.2 ks in the stable region of wüstite. Wüstite were detected on the surface of the oxidized sample together with those of the substrate. Figure 6(a) shows the cross-sectional image of the Pd64Fe alloy after oxidation. The average oxide thickness was 3.4 « 2.3 µm, and it is much thinner than the expected value calculated from the amount of Fe in the alloy. Figure 6(b) shows the concentration profile of Fe in the alloy as a function of position. Although depleted zone of Fe was observed beneath the oxide scale, Fe concentration in the bulk alloy is almost the same as un-oxidized sample. It indicates that the growth rate of wüstite scale at 1073 K is too low to reach equilibrium condition. Oxidation test at higher temperature was preferred to compare the thickness of iron oxide with that estimated from the amount of consumed Fe during the oxidation. Figure 7 shows the XRD pattern of the Pd64Fe alloy oxidized at 1273 K in the stable region of wüstite. The measured oxygen partial pressure during the oxidation was corresponded to the equilibrium P O 2 of Pd53Fe alloy with wüstite. ¡-Fe and wüstite were detected on the surface. ¡-Fe may formed from the dissociation of wüstite during cooling process. Figure 8 shows the BE cross-sectional image of the sample oxidized for 259.2 ks. Continuous wüstite layer was formed on the alloy and precipitation of wüstite was also observed in the substrate. The thickness of wüstite was un-uniform and 27.5 « 4.9 µm. Surface reaction is rate determining step for the formation of wüstite layer. Figure 9 shows concentration of Fe in the alloy as a function of oxidation time. Concentration of Fe in the bulk reaches to the equilibrium concentration with iron oxide. Final composition of Fe was determined to be 51 at% at 1273 K and the value was closed to that estimated from emf measurement. Although the oxide thickness became thinner than that for 518.4 ks, the thickness of the oxide scale in the equilibrium condition strongly depends on the mass (the thickness) of the initial alloy. These results indicate that the oxidation process has reached the equilibrium condition. Figure 10 shows the XRD patterns of the samples oxidized at 1273 K in the stable region of magnetite. The oxygen partial pressure during the oxidation was corresponded to the equilibrium P O 2 of Pd32Fe alloy with magnetite. Magnetite and ¡-Fe peaks were observed in all oxidized samples. BE images of the cross-sectional area are presented in Fig. 11 . Continuous magnetite layer with inhomogeneous thickness was formed on the alloy. Volume fraction of precipitates in the substrate was increased as compared to the alloy with wüstite formation. Figure 12 shows the final composition of Fe in the alloy after the oxidation at 1273 K in the stable region of magnetite. The composition was constant at 29 at% Fe of all oxidized samples, which may indicate that the oxidation has reached equilibrium condition.
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Discussion
4.1 Phase stability of Fe oxide equilibrated with PdFe alloy at elevated temperatures As shown in Fig. 13 , phase boundary between PdFe alloy and iron oxide in the PdFeO ternary system were estimated as a function of the composition and temperature based on the equilibrium oxygen partial pressure obtained from emf measurement (Fig. 4) . According to phase diagram of PdFe alloy, 18) several intermetallic compounds are stable below 1073 K. Equilibrium P O 2 between Fe oxides and alloy is independent of the composition of a two phase alloy, because a constant activity of Fe. The oxygen partial pressure calculated from the equilibrium emfs obtained by Alcock and Kubik 11) are also plotted in this figure. The oxygen partial pressures at higher iron content were close enough with their result but the difference reaches one order of magnitude higher at lower iron content. This difference may come from the change of Fe concentration in the alloy during the Emf measurement. Fe concentration in the alloy may be changed due to the oxidation with not only by the limited oxygen in the evacuated cell, but also oxygen which was 
The amount of Fe a O b is expressed as a function of the amount of consumed iron in the alloy as follows.
where n is the amount of mole of iron oxide and iron. Based on eq. (18) Figure 16 shows the measured oxide thickness as compared to the estimated value from the phase stability diagram. It shows that the thicknesses of wüstite and magnetite from oxidation are close to the estimated value. The thicknesses of magnetite were initially thinner than the estimated one. The formation of precipitate in the substrate might affect to the reduction of magnetite formation on the surface of the alloy. From the surface fraction analysis, total volume of precipitates formed in Pd54Fe and Pd64Fe alloys corresponds the magnetite thickness to 2.6 and 7.2 µm, respectively. By adding the corresponding thickness of magnetite from the fraction of precipitate in the substrate, Figure 17 shows phase boundary between alloy and iron oxide at 1273 K, which plotted together with the result of Alcock and Kubik. 11) The final compositions of Fe in the alloy after oxidation were slightly lower compared to that estimated from emf measurement. The estimated composition was obtained by the extrapolation of the Emf measurement at low temperature regions (9731123 K). It may be possible that the value of P O 2 from the extrapolation was not as accurate as if it directly obtained from the Emf measurement at 1273 K.
Comparison of oxide thickness from estimation and oxidation test at 1273 K
The results of the oxidation process at 1273 K have clarified that the phase stability diagram of PdFeO system developed from the emf measurement can be applied to form single-phase of iron oxide with the expected thickness by the oxidation of PdFe alloy. 
Conclusion
The thermodynamic study of PdFe alloy has been conducted at the temperature range from 973 to 1123 K by emf measurement with oxygen concentration cell. The phase boundary between alloy and iron oxide in PdFeO system was determined by emf measurement and phase stability diagram of this system was established as a function of temperature. Thickness of iron oxide on the alloy was estimated from the amount of consumed iron during oxidation. High temperature oxidation of PdFe alloy has clarified that the determined phase stability diagram can be applied to form single-phase of iron oxide with the expected thickness. The design oxidation test by using this phase stability diagram gives the single-phase of iron oxide on the alloy, which can be used for the hydrogen permeability measurement of iron oxide at elevated temperature. 
